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FOREWORD
Aluminum alloy 2219-T87 has been determined to be one of the op imum materials
available for fabrication of manned spacecraft tankage. In order to provide a 	 i
comprehensive report of available data on fracture toughness, fatigue crack
propagation and sustained load crack behavior, NASA requested the Aerospace
Group of The Boeing Company to perform a literature search of 2219-T87 test
data. This program was performed under NASA Contract NAS 9-10364, Task 24
from August 9, 1971 to February 15, 1972 and the results are reported herein.
The work was administered under the direction of R. G. Form-n at NASA/MSC.
Boeing personnel who participated in this investigation include J. N. Masters,
Program Leader, and W. D. Bixler, W. L. Engstrom, R. W. Finger and
R. C. Shah, Research Engineers, and C. Bilbao, Engineering Aide. Don Good
prepared the art work.
Th, information contained in this report is also released as Boeing Document
D180-14480-1.
Y
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DETERMINATION OF DESIGN ALLOWABLE PROPERTIES -
FRACTURE OF 2219-T87 ALUMINUM ALLOY
By
W. L. Engstrom
ABSTRACT
A literature survey was conducted to provide a comprehensive report of available
valid data on tensile properties, fracture toughness, fatigue crack propagation
and sustained load behuvior of 2219-T87 aluminum alloy base metal and weldments
as applicable to manned spacecraft tankage. Most of the data found were from
tests conducted at room temperature, -320OF and -4230F. Data are presented in
graphical and tabular form and areas in which data are lacking are established.
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A
SYMBOLS
a Flaw depth
c Half flaw length
'	 C Constant from Forman's equation for fatigue crack growth rates; also,
used to denote compliance in stress intensity solutions for single edge
notched specimens and tapered double cantilever beam specimens.
dNOTCH Diameter at the notch on a round notched bar fracture specimen
DEAR Diameter of the bar for a round notched bar fracture specimen
E Young's Modulus
Ftu Tensile ultimate strength
Ft Tensile yield strength
Y
G Constant relating flaw opening displacement to flaw size and stress level
•	 h Height of a compact tension specimen or the short height of a tapered
double cantilever beam specimen.
h l Height of the highest end c, a tapered double cantilever beam specimen.
K Plane-stress stress intensity factor
K I (IRWIN) Irwin stress intensity factor for a surface flaw.
K I Irwin stress intensity for a surface flaw with deep flaw magnification,
MK ,	 ln; !-ded; also, plane-strain stress intensity factor for values
rep-arted in AFpendix A.
K IE Critical stress intensity or plane strain fracture toughness for surface
flaws, with M K included.
'	 KTH Threshold stress intensity for surface flaw specimen*.
L Length of a specimen,	 length of test section.
M K Deep flaw magnification factor for 2219-T87 aluminum alloy base metal.
V11
N Number of load cycles for fatigue test.
n Exponent from Forman's equation for fatigue crack growth rates.
NA Not available.
P Applied load
Q Flaw shape parameter 	 =	 4b 2 - 0.212 (0/a )2Y
R Stress ratio,	 (a	 a	 ) for a cyclic fatigue crackmin/ max growth test.
t Specimen thickness
tg Specimen thickness at the side groove on side grooved specimens.
w Specimen width
a Polar angle measured from the minor axis of a surface flaw
S Flaw opening displacement
A Poisson's ratio
a Applied stress
•N' Cr Net section stress
oy, aYIELD Yield stress
Complete elliptical integral of the second kind having modulus k
defined as
	
k	 =	 (1 - a2A2)1/2
> Greater than
C Less than
SUBSCRIPTS
i	 Initial condition
f	 Final condition
C	 Critical condition
-33
Max.	 Maximum condition
min.	 Minimum condition
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SUMMARY
1.	
The study described herein was undertaken to locate and report all available
^,alid data on tensile properties, fracture toug"mess, fatigue crack propagation
and sustained load crack behavior of 2219-T87 aluminum alloy base metal and
weldments. The objective was to provide a comprehensive report which could
be used in design of manned spacecraft tankage.
Most of the data found and reported were tested in room temperature air, liquid
nitrogen at -3200F and liquid hydrogen at -4230F. In addition, tensile data were
located for tests conducted in dry ice and acetone at -1100F and in gaseous helium
at -4230F. Fatigue crack growth data were also found for tests conducted in salt
water and helium at room temperature. Furthermore, sustained load data were also
found fo- temperatures of -230OF and -4130F and environments of gaseous hydrogen,
gaseous and liquid oxygen, oxygen difluoride (OF 2), FLOX (80% fluorine, 20%
oxygen), 3?/o salt water solution, distilled water, 172 decibel noise level, dye
penetrant, argon, and trichloroethylene. The data are reported in graphical and
tabular form.
During the course of this study, shortages of data were discovered in several areas.
There were shortages of valid fracture toughness, sustained load ood cyclic data
of weldments, fracture properties of base metal in the RT propagation direction, and
fracture toughness data in the VVT direction at -4230F. Properties were also found
to be lacking at elevated temperatures and comb'-ied thermal and applied stress
spectrum loadings. Furthermore, there were not enough data to firmly establish
thickness effects for the properties investigated.
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1.0 INTRODUCTION
The objective of this investigation was to provide a comprehensive report of
available data on fracture toughness, fatigue crack propagation and sustained 	 j
f
load crack behavior of 2219-T87 aluminum alloy and weldments as applicable
to manned spacecraft tankage. The majority of the useful fracture data obtained
were from surface flawed specimens and they are covered in the main body of
this report. Fracture data from other types of specimens were scarce and they
are reported in Appendix A. A review of reports containing invalid o!-
otherwise unusable data is contained in Appendix B. A summary of the quantities
of tensile and surface flaw data in the mair; body of this report is shown. below.
QUANTITIES OF TENSILE TESTS
I
TEMPERATURE RT -1100F -320°F -4230F
ENV	 MAT'L BM WM BM WM BM WM BM WM
AIR 168 109
DRY ICE
+ACETONE 4
LN2 69 93
LH2 80 91
GHe 4
QUANTITIES OF SURFACE FLAW FRACTURE TESTS
TEMPERATURE RT -3200F -4230F
ENV
	
MAT 
L BM JWM BM WM BM WM
AIR
M
82
.......
........
...............................
...............................
LN2 72 2
LH2 17 8
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QUANTITIES OF SURFACE FLAW FATIGUE CRACK GROWTH TESTS
I 
TEMPERATURE +400*F +350°F +300°F I 1 -•320°F -4230F
MAT LL
I ENV- BM WM BM WM BM JWM BM WM BM M BM WM
AIR 2 6 2 88 10 ..................	 .	 .	 .	 .	 .	 . . .	 . . . 	 . . .... .	 . . . . . . ...
GHO ....	 . ....... ................. ............
..... ........
3 .	 ...... ................
..	 .
. **"* ..
....
........ .......
.5% NaCl3 ..
.....	
..........
.......
....
.......
....... ......
........
.....	 ...
.:A ....... .............
...
........
........
........
.......
........
........
........
........
LN2
.: .......X .......
. . . . .
....	
...
.............
. . . . . . . .
.....
. .
: 131 15 
.. : ......
........
. . . . . . . .
...
LH2 . ........
. . . . . . . .
............
........
. . . . ...
..	
I ... ...	 ... ........ .......... 34 10
QUANTITIES OF SURFACE FLAW SUSTAINED LOAD TESTS
TEMPERATURE RT -230OF 320OF -4130F . -4230F
BM lWM BM WM BM WM BM WM BM WM
AIR 34 8
LN2 34 11
LH2 15 2
GH2 2 2 2 2 3 5
LO,2 2 2
GO2 2 2
OF2 2 3 2 2
FLOX 3 2 2 2
3.5596 NaCl 6 2
DISTILLED
WATER 2 2
172 db
NOISE LEVEL 2 3
DYE
PENETRANT 2 2
ARGON 2
2TRICHLORC)ETHYLENE 2
t
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2.0 PROCEDURES
2.1
	 SCREENING OF THE DATA
In order to ensure that only valid data would be reported, screening procedures
were established. In some cases the screening eliminated much of the available
data; however, this ensured the quality of the data presented herein. If a report
did not appear to be accurate (e.g., improper use of stress intensity equation) all
data from that report were eliminated. Data coming from remaining reports were
then further screened to ensure that validity requirements were met for individual
data points. Individual data points which did not meet validity requirements were
eliminated, all data points which met validity criteria were included. Screening
procedures are presented below for each type of test.
2.1.1	 Tensile Data
Tensile data were inspected and an attempt was made to include only data which
had been tested according to ASTM procedures (Ref. 1). Wherever tensile values
did not appear reasonable, or specimen dimensions did not strictly match ASTM
requirements, the text of the reference was carefully inspected to ensure that the
data were indeed accurate. All accurate data were included in this report.
2.1.2	 Fracture Toughness Data from Surface Flawed Specimens, KIE
Most of the valid fracture data found in the literature were obtained from surface
flawed fracture specimens. Fig. 1 shows a sketch of a typical surface flaw specimen
and Fig. 2 shows the crack propagation orientation code. This specimen configuration
has been especially popular in investigations of tankage materials because it can best
approximate the actual defects commonly found. The main criteria for validity are
as follows:
1. QN/ay C 0.9
2. w/2c > 4
3. (t-a) > 0.1 (K IE/ ay)2
5
Criterion 1 . ensures that the failure is not dominated by net section yielding of
the test specimen. Criterion 2. ensures that bending effects are at a minimum and
it also aids in screening out net section effects and edge effects. Criterion 3.
appears to be a limiting case for break before leak requirement. In the past, this
criterion has been assumed to be (t-a) ^,> 7/16 x (K IE/ a y )2 ; however, recent
analysis of data generated under NASA Contract NAS 3-14341 (Ref. 2) indicates
that the coefficient,	 7/16 (	 O.196), can be reduced to 0.1 for 2219-T87
aluminum alloy.
2.1 .3
	
Fatigue Crack Growth and Sustained Load Data Obtained from Surface
Flawed Specimens
Fatigue and sustained load data were not subjected to the strict criteria required of
fracture toughness data. Most of the data obtained were tested at relatively high
stresses. If the fracture toughness criteria were strictly enforced for sustained load
and cyclic data, a great deal of data would have been eliminated. In general,
most sustained load and fatigue data were used unless they obviously appeared to be
in error. Test data were reported for w/2c ratios as low as 3.	 .
2.2	 SURFACE FLAWED SPECIMEN STRESS INTENSITY SOLUTION
e
The base metal fracture, fatigue, and sustained load data were adjusted for deep
flaw effects using the empirical deep flaw magnification factor reported in Ref. 3
and shown in Fig. 3. The magnification factor was used to modify the Irwin stress
intensity (Ref. 4) so that the resulting stress intensities were calculated as follows:
K I =` 1 .1 0 ( 7Ta/Q)1/2 MK
Irwin Stress intensity
where K I	 = Stress Intensity
v	 = Gross stress
a = Flaw depth
Q = Flaw shape parameter (see Fig. 4)
MK = Deep flaw magnification factor from Ref. 3 (see Fig. 3).
Ref. 3 has demonstrated that a deep flaw magnification may not be inherent in weld-
ment fracture tests. Therefore, K I values for weldment tests were calculated without MK.
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3.0 DISCUSSION
3.1	 TENSILE DATA
3.1.1	 Base Metal Tensile Data
Most of the base metal data were generated in room temperature air, -320 OF liquid
nitrogen, or -423°F liquid hydrogen. Original thicknesses tested varied from 0.03
to 4.0 inches. Useful data were obtained from Refs. 2, 3, 5, 6, 7, 8, 9, 10, 11,
12 1 130, 14, 15, 16 and 17. A normal distribution was assumed for the statistical
analysis; however, no tests for goodness of fit were performed to verify this
hypothesis. Ref. 18 was used as a guideline in the statistical analysis.
Ultimate strength, F tu , and yield strength, F ty , values for long^.udinal and long
transverse grain base metal are summarized as a function of temperature in Figs. 5
and 6. Both mean and 99% probability, 95% confidence levels are shown. The
"A" values from the Boeing Design Manual (Ref. 19) are also shown for reference.
•	 These "A" values correspond to the 99% probability, 95% confidence level. A
summary of the base metal tensile values is tabulated in Tables 1 and 2.
Individual ultimate and yield strength data points are plotted as a function of thickness
in Figs. 29 through 36, and the raw data points are tabulated in Tables 9 through 16.
Figs. 29 and 30 indicate that for room temperature tests, there may be an increase in
Ftu and Fty properties in very thin gages (0.03 to 0.06 inches). The available data
are not extensive enough to fully determine thickness effects in thin gages, therefore,
data for all thicknesses were combined in this analysis.
Data available from the short transverse direction were limited to the points shown
in Table 11 I. The scarce amount of data tested at -110°F in dry ice and acetone
are shown in Table 12. Four tests at -423°F in a gaseous helium environment were
included with the specimens tested in liquid hydrogen.
3.1 .2	 Gas Tungsten Arc Weldment Tensile Data
Most of the gas tungsten arc (GTA) weldment data was generated in room temperature
air, -320°F liquid nitrogen, or -423°F liquid hydrogen. Original thicknesses tested
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ranged from 0. 10 to 1.00 inches. Wherever filler wire was used, the filler material
was 2319 aluminum alloy. The majority of the data were not heat treated after
welding although some limited data were found for specimens aged after welding and
also for some specimens which were solution treated and aged (STA) after welding.
Useful data were obtained from Refs. 3, 6, 12, 15, 16, 17 and 20. The statistical
analysis was the some as that described in Section 3.1.1.
The GTA welded tests without a post weld heat treatment are summarized as a function
of temperature in Fig. 7. Most of the available data consisted of ultimate strength
values only. Because of a shortage of yield strength values, only "apparent" mean
yield strengths can be reported, and no 99% probability, 95% confidence level
values of yield strength could be calculated. The available data were sufficient to
show mean and 99% probability, 95% confidence levels for ultimate strength. "A"
values from Ref. 19 for ultimate and yield strength values are also shown in Fig. 7.
A summary of Ftu and Ft 
Y 
values for GTA welded material without post weld heat
treatment is also shown tabulated in Table 3.
Individual ultimate and yield strength data points for GTA weldments without post
weld heat treatment are shown plotted as a function of thickness in Figs. 37 through
42, and the raw data points are tabulated in Tables 17 through 19. Not enough
	 i
data were available to fully determine thickness effects on material properties,
therefore, all thicknesses were combined for this analysis.
Those GTA weldment data points subjected to a post weld age and a post weld
solution treat and age are shown plotted versus thickness in Figs. 43 and 44
respectively. Individual values are listed in Tables 2U ar.:4 21. There were not
enough data points available to firmly establish mean or 99% probability, 95%
confidence levels.
3.1.3	 Gas Metal Arc Weldment Tensile Data
All of the gas metal arc (GMA) weldment data come from Ref. 17. Plate material
data in original thicknesses of 0.5, 1.0 and 1.5 inches were available for tests
conducted in room temperature a:r, -320OF liquid nitrogen and -4230F liquid
hydrogen. The filler wire used was 2319 aluminum alloy. Only ultimate strength
8
values were reported. A summary of the ultimate strength values is shown in Fig. 8
and tabulated in Table 4. As in the previously reported data, "A" values from
Ref. 19 are shown for comparison. The statistical analysis if described in Section 3.1.1.
Individual ultimate strength data are plotted as a function of thickness in Figs. 45, 46
and 47 and the raw data points are listed in Tables 22, 23 and 24. Not enough data
are available to firmly establish thickness effects; however, examination of Figs. 45,
46 and 47 indicates that as the temperature decreases, the 0.5 thick weldments
exhibit a greater average strength increase than do the 1 .0 and 1 .5 inch thick
weldments .
3.2	 FRACTURE DATA
3.2.1	 Base Metal Surface Flawed Fracture Toughness Data
Surface flawed fracture toughness data were avilable from tests in room temperature
air, -3200F liquid nitrogen and -4230F liquid hydrogen. Usable data were obtained
from Refs. 2, 3, 6, 13, 14, 15, 21, 22, 23 and 24. The thicknesses of valid data
points ranged from 0.25 to 1.25 inches, with the majority of the data lying in the
range of 0.5 to 0.65 inch. Tests conducted on gages thinner than 0.25 inch were
generally disqualified because the remaining ligament size, t-a was less than
0.1 (K IE/ ay)2.
Data obtained for RT and WT propagation directions are summarized as a function
of temperature in Fig. 9 and Table 5. Because of the scarcity of data in the RT
direction at -4230F and room temperature, and in the WT direction at -4230F, only
"apparent" mean values are reported for these conditions. The data indicate that
fracture toughness values for the WT propagation direction are lower than those for
	 -
the RT propagation direction.
Individual fracture toughness values are plotted as a function of thickness in Figs. 48
through 53, and raw data points are listed in Tables 25 through 30. Mean or
"apparent" mean values are shown and where possible, 99% probability, 95%
confidence levels are also shown. The statistical analysis is described in Section
9	 ___
3.2.2	 Weldment Surface Flawed Fracture Toughness Data
Valid surface flawed fracture toughness values for weldments were almost nonexistent.
Those values which fulfilled the validity requirements all came from Ref. 3 . No
data were available for room temperature, two data points were available for -320oF
and eight data points were available for -423 0F. All ten of these data points were
obtained from GTA weldments of 1 .0 inch plate material. The data are summarized
In Table 6 and individual data points are plotted as a function of thickness in
Fig. 54 , and are listed in Tables 31 and 32.
The low yield strength of weldment material requires testing of large panels in
order to meet the validity requirements for net yield strength ( 
a 
	 < 0.9 a 
Y
and ligament size (t-a) > 0.1 (K IE/ oy )2 . The panels tested in Ref. 3 ranged in
size up to 30 inches wide. The testing of such panels requires extremely high load
capabilities of testing facilities. The major reason for 0e shortage of "valid"
weldment fracture toughness data stems from the apparent high toughness/low yield
strength combination.
3.3	 SUSTAINED LOAD DATA
All sustained load data found in the literature were for tests which were on the
order of 100 hours or less in duration. Hyatt and Speidel have shown that proper
determination of a threshold can be dependent on the length of the test (Ref. 25 ).
Therefore, the threshold values reported herein have been qualified by noting the
duration of the tests.
Another factor which must be taken into consideration is growth-on-loading. This
phenomenon is non-environmentally induced growth which occurs on initial loading
of a specimen. In order to determine sustained load growth, it is necessary to
subtract growth-on-loading from total growth incurred during a test. Growth-on-
loading as a function of initial stress intensity is shown for base metal in Fig. 10
and for weldments in Fig. 11 . These curves were taken from data generated in
Refs. 2 and 22 respectively. As shown by these two figures, precise separation
of growth ron-loading from total growth to determine environmental growth can be
difficult. This further emphasizes the need to report test times along with
threshold values.
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Average crack growth rates as a function of time, da/dt, could not be obtained
because of the problem in separating environmentally induced growth from growth-
on-loading. Likewise, good instrumented test results producing instantaneous
growth rates were not available either. Therefore, no K versus as/dt data are
reported herein.
3.3.1	 Base Metal Surface Flawed Sustained Load Data
Surface flawed sustained load data were found for base metal tests at room temperature,
-2300F, -3200F, -4130F and -4230F in environments of air, 3,?% salt water solution,
distilled water, dye penetrant, FLOX (80% F2 , 20% 02), oxygen difluoride (0F2),
Argon, Trichloroethylene, 172 decibel noise level, liquid nitrogen, gaseous and
liquid oxygen, and gaseous and liquid hydrogen. Thicknesses varied from 0.125 to
i .00 inch. Useful base metal sustained load data were obtained from Refs. 5, 6,
14, 22 and 24 . In addition, some data were obtained from Refs. 23 and 26
however, these data were not complete enough for use in establishing thresholds.
Threshold values are summarized in Table 7 . Where a value is reported
qualified with a less than, < , or greater than, > , symbol, not enough data 	 J
were available for a precise determination of the threshold; however, enough data
were available to provide an approxiriation of the threshold. In order to report
the threshold as a percentage of critical stress intensity, KTH/KIE value, it was
necessary to choose a K IE value. Wherever possible, the endpoint critical stress
intensity, K IE , value for each particular threshold specimen was used. If the
endpoint for a particular specimen was not available, then the average K IE value
for all the K IE tests in the same reference was chosen. Finally, if neither of the
above K IE values was available, then K IE was chosen from the overall mean of
data points from the particular propagation direction and temperature in question.
The source of the K IE value is reported with each threshold value. Individual test
datum points are listed in Tables 33 through 37.
In most cases, only a few data points were available and the threshold was chosen
by determining the highest K level at which all growth appeared to be growth-on-
loading only. For some of the threshold determinations, many data were available
and so the data could be plotted to determine threshold. An example of such a
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plot is shown in Fig. 12 .
In general, for most environments, a threshold level on the order of 85`/o can be
assumed for approximately 24 hours. With the exception of tests from Ref. 5, in
liquid hydrogen at -4230F, all thresholds were at least 82% of the critical stress
intensity value. The threshold level of the LH 2 data from Ref. 5 was found to
be in the range of 35.6 to 38.4 ksi in. Combining these figures with the overall
apparent mean KIE value of 47.0 ksi in produces threshold/critical stress intensity
ratios of 0.75 to 0.82. The low threshold ratios determined here could be accounted
for by the selection of a critical stress intensity that wus too high. If acturu) end-
point K IE values were available, the threshold ratio reported could be higher.
3.3.2	 Weldment Surface Flawed Sustained Load Data
Surface flawed sustained load data were found for weldment tests at room temperature,
-3200F, -4130F and -4230F in environments of air, 31% salt water solution,
distilled water, dye penetrant, FLOX (809/6 r 2 , 20% 02), oxygen difluoride (OF 2)' 	 .
trichloroethylene, liquid nitrogen, gaseous and liquid oxygen, and gaseous and
liquid hydrogen. Data were reported in thickness of 0.90, 0.95 and 1.00 inch.
Useful weldment sustained load data were obtained from Refs. 22 and 23 . In
addition, some data were obtained from Ref. 24 . However, most of the data from
Ref. 24 were tested at very high stress levels so that threshold levels could not be
determined from them.
Threshold values are summarized in Table 8 . !Because of the scarcity of weldment
fracture toughness data, no attempt was made to report thresholds in terms of a
percentage of critical stress intensity. The analysis of weldment data was similar
to that employed for base metal data.
The available data indicate thresholds on the order of 23-30 ksi in for all environ-
ments with the exception of 3 ,?% salt water solution. The data show that the
threshold for this environment lies somewhere below 23.8 ksi in.
Individual datum points are listed in Tables 38 through 41.
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03.4
	 FATIGUE DATA
3.4.1	 Base Metal Fatigue Crack Growth Data
Base metal fatigue crack growth data were generated in air, gaseous helium,
*/o salt water solution, liquid nitrogen and liquid hydrogen. Test temperatures
were room temperature, -320PF, -4230F, +300oF, +350oF and +4060F. Data were
obtained from References 2, 3, 5, 6, 13, 14, 23 and 26.
Thicknesses of test specimens ranged from 0.125 to 1.25 inches. Cyclic stresses
ranged from 7 ksi to 65 ksi and stress ratios, R, ranged from 0.0 to 0.5 with the
majority of the data tested at R = 0.0 to 0.1. Test frequencies ranged from 0.009
to 120 cpm. Typical cyclic loading profiles are shown in Fig. 13 and individual
data points are summarized in Tables 42 through 50 .
Data were found to be lacking in the RT propagatinn. direction at room temperature,
-320OF and -4230F. One of the reasons for a shortage of data in the RT direction
is that delamination commonly occurs in specimens which are tested in this
direction, especially at room temperature. While this makes testing difficult In
the RT direction, it is beneficial in hardware because the delamination also causes
a retardation in crack growth.
Figures 14 to 16 show the relationship between stress intensity ratio, KHAIE,to
cycles to failure, N, for the environments of ambient air, liquid nitrogen and
liquid hydrogen. Examination of these plots indicates that the polynomial function
of log 10
 N, shown below, would best represent the data:
K liA IE = A + B Iog 10 N + C(log10 N)
2
 + 
D(log10 N)3 + E(logi0 N)4
Since the ro io of stress intensities KHAIE contain errors due to measurement of
flaw sizes, computations of stress intensities from stress intensity equations, etc.,
KHAIE is taken as a dependent variable and N as an independent variable. The
polynomial function was limited to the fourth order of Iog 10N to avoid oscillations
Y	
between fitted points.
Data for each of the plots of Figures 14 to 16 were successively least square fitted
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with the second, third and fourth degree polynomials of Iog 10N. Out of these
curves, the one which best describes the data was selected and the best fit least
square cruve with the equation is shown in each figure.
Crack growth rates da/dN and d(a/Q)/dN were computed from either average or
instantaneous crack growth measurements. Measured average growth rates were
determined by taking the difference between the final and initial flaw sizes and
dividing this quantity by the number of cycles. The corresponding stress intensity
value was taken as the average maximum stress intensity during the test.
Instantaneous growth rare data were available from Refs. 2 and 5. Instantaneous
growth rate data were determined by instrumenting specimens with ASTb► type crack
opening displacement, S , clip gages.
The clip gage was spring loaded against knife edges spot welded to the specimen.
An expression for the opening displacements of a completely embedded flaw was
provided by Green and Sneddon (Ref. 27). The flaw embedded in an elastic solid
was subjected to a uniform load normal to the crack surface at infinity. The maximum
opening displacement occurs at the diametrical center of the crack and is expressed
by the equation:
4(1 - 11
	 o aS=
E
Although a rigorous solution is not available for flaw opening displacements for a
semi-elliptical surface flaw, such displacements should also be proportional to 0
and a/(D for elastic materiels. By following Irwin's procedure (Ref. 4) to account
for the effect of plastic yielding, the flaw opening displacement, 	 s, for a
surface flaw can be approximated by
S = G Q a
V
where G is a constant. The value of G can be determined by knowledge of
initial and final flaw sizes and the change in flaw opening displacement as indicated 	 1.
below:
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(C]Pf - (aPi
Knowing the above constant, the instantaneous Now size can be estimated and,
therefore, the instantaneous flaw growth rates can be calculated.
Crack growth rates da/dN and d(a/QydN were plotted as a function of stress
intensity and summary curves of the results are shown in Figs. 17 through 25.
Individual da/dN data points are plotted in Figures 55 through 98 and individual
d(a/Q)/dN data points are plotted in Figures 106 through 149. Data are identified
as instantaneous or measured average growth rates.
Forman, Kearney and Engle (Ref. 28) have proposed a fatigue crack propagation
model of the form:
C (0 KI)n
da/dN = (1 - R)K cr AK 
	
where: do/dN	 =	 fatigue crack growth rate
	
AK I	 =	 cyclic stress intensity ra-ige
K IE	 =	 critical stress intensity
	
R	 =	 stress ratio, minimum stress/maximum stress
C,n	 =	 empirically determined constants
	
Forman's equation canbe rewritten as log 	 {[(1 - R) K IE - A K I ] da/dN
= log C + n log 0 K I = C 1 + nx
which is an equation of a straight line. The constants C and n were determined
by fitting crack growth rate data da/dN with AK I  and K IE with the lest square
method wherever possible. The resulting constant C and exponent n for each of the
summary da/dN plots in Figures 17 to 23 are shown.
3.4.2 Weldment Fatigue Crack Growth Data
There was a severe shortage of weldment fatigue crack growth cats. Some data
were found in Refs. 3 and 23 for tests conducted in room temperature air, liquid
nitrogen at -3200F and liquid hydrogen at -4230F.
15
Thicknesses ranged from 0.125 to 1.00 inch. Cyclic stresses ranged from 13 to 25
ksi with stress ratios of 0.0 or 0.1 . Test frequencies were 1 or 20 cpm. Typical
cyclic loading profiles are shown in Fig. 13 and individual data points are
summarized in Tables 51, 52 and 53. Figures 26, 27 and 28 show summary plots 	 .
of crack growth rates da/dN and d(o/Q)/dN.
Individual da/dN data points are plotted in Figures 99 through 105, and individual
d(a/Q)/dN data points are plotted in Figures 150 through 156.
In order to obtain cyclic flaw growth rates from the weldment data presented in
Ref. 3, it was necessary to assume a manner in which the crack length varied during
the cyclic test. 	 For the 0.125 inch thick specimens (a/2c initial — 0.05) it was
assumed that the crack length remained constant throughout the tests. For the 1.00
inch thick specimen (a/2c initial — 0.30) it was assumed that the flaw aspect ratio
remained constant. Experience has shown these assumptions to be quite reasonable.
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4.0 RECOMMENDATIONS
During the course of this study, it was found that data are lacking in several areas.
In general, there were very little data at elevated temperatures. Also, there were
virtually no data on the interaction of changing thermal and loading conditions such
as night be encountered by tankage during flight. Investigation of the effects of
such spectrum loading on flaw growth is needed in order to more accurately predict
life expectancies of tankage. It was also found that there are few data to fully
determine thickness effects on all properties investigated.
In addition to the general areas described above, more specific areas in which
data are lacking are listed below:
	
1.	 Fracture Toughness Data
a. Base Metal - Data are lacking in the RT propagation direction at
room temperature and -4230F, and in the WT direction at -4230F.
The lack of data in the RT direction is caused mainly by the fact
that the material has a tendency to delaminate in this direction.
b. Weldments - Extensive valid testing of weldments is recommended.
.	 Only ten valid te!t points were found, two at -3200F and eight at
-4230F. This shortage of valid test points is caused by the apparent
high toughness, low yield strength combination found in weldments.
	
2.	 Sustained Load Data
a.	 Base Metal - Data for room temperature air, liquid nitrogen at -320OF
and liquid hydrogen at -4230F appear to be adequate for the WT
propagation direction. While data in the RT direction are lacking, it
is anticipated that the WT direction would be the worst case, because
of delamination (and hence, crack growth retardation) which has been
shown to occur in the RT direction. In addition, some data are
avuilable on environments other than room air, LN 2 and LH2 . It is
•	 recomm—ded that if applications are found for environments other
than those for which thresholds are reported herein, then those 	 K`
environments should be tested to ensure a reasonable life expectancy
of the hardware.	 17
b. Weldments - It is recommended that further testing of weldments
be undertaken to confirm the results reported herein for particular
applications, especially in a 31% salt water environment.
One of the greatest problems in using weldment threshold data in
design is caused by the shortage of valid weldment fracture data.
Without valid toughness values, threshold ratios, KTH/KIE, used in
design, cannot be determined.
3.	 Cyclic Flaw Growth Data
a.	 Base Metal - Additional testing is needed at room temperature,
-320oF, and -4230F in the RT propagation direction. As stated
above, the shortage of data in the RT direction is mainly caused
by the fact that 2219-T87 alloy has a tendency to delaminate in
this direction. Cyclic flaw growth data are also lacking at R
ratios other than 0.0 to 0.1 .
n. Weldments - There is a general shortage of weldment cyclic growth
data at all temperatures of interest. It is recommended that this area
be investigated extensively.
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APPENDIX A - OTHER DATA
A1.0
	 INTRODUCTION
All available surface flaw data are contained in the main body of this report.
The limited amount of data from other types of fracture specimens are reported
in this Appendix. These data all consist of tests on base metal material. A
summary of the number of data points found for each type of test is shown below:
QUANTITIES OF OTHER BASE METAL TESTS
NVIRONME
3.5% NaCI AIR @ RT LN2 @ 32p°F LH2
 @ -423°F
TEST TYPE
SENT KI 4
C.T. Klc 2 2 2
SENB KID 2 2 2
TAPERED DCB
FATIGUE 6
T T-T CENTER
NOTCH K 15 4 13C
T-T T CENTER
NOTCH FATIGUE 8 10 8
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IA2.0	 PROCEDURES
A2,1	 SCREENING OF THE DATA
In order to ensure that only valid data would be reported, the screening procedures
outlined below were established. In addition, data were not included from reports
which did not appear to be accurate. The various types of fracture specimens
from which data points were obtained and the crack propagation code are shown
in Figures A-1 and A-2.
A2.1 .1	 Plane Strain Fracture Toughness, K Ic , Data from Through-the-
Thickness and Round Notched Bar Specimens
Through-the-thickness data found in the literature included data from the following
types of specimens: compact tension (CT), single edge notched bend (SENB),
single edge notched tension (SENT), and tapered double cantilever beam (TDCB).
The following ASTM criteria (Ref. 29 ) were used to screen this data:
1 .	 t , 2.5 (K Ic/ ay)2
2,	 a> 2.5 (K Ic/ a y ) 2 (not required for TDCB specimens)
3.	 Permanent crack opening displacement (COD) at 80% of Pcritical
25% of COD at Pcritical on load versus COD Trace (CT and
SENB specimens)
The load traces were generally no'- available, therefore, it was not always possible
to determine if criterion 3 was satisfied. A limited amount of valid data was
found for CT, SENB, and SENT specimens.
The following criteria were used to validate round notched bar data:
1 .	 a N/ Qy C 1.0
2 '
	d NOTCH /DBAR - 0.4 to 0.6
3.	 Notch angle = 30° to 600
No valid round notched bar data were obtained.
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0A2.1.2	 Plane Stress Fracture Toughness, Kc , Data from Through-the-
Thickness Center Notched Panels
Plane stress fracture toughness data were collected only from those specimens for
Which Q N/ Qy C 0.8.
A2.1.3	 Plane Strain Fatigue Crack Growth and Sustained Load Data
from Through-the-Thickness Specimens
The thickness and crack length requirements employed for fracture tests were also
used for fatigue crack growth and sustained tests. The only valid fatigue data
obtained from specimens other than surface flawed specimens were obtained from
TDCB specimens. No valid sustained load data were obtained from specimens
other than surface flawed specimens.
A2.1.4	 Plane Stress Fatigue Crack Growth and Sustained Load
Data from Through-the-Thickness Center Notched Panels
Only a limited amount of fatigue data were available and they fell within the
ON/ ay C0.8 guideline. No sustained load data were found.
A2.2	 STRESS INTENSiT`' SOLUTIONS
A2.2.1	 Compact Tension Specimens
The stress intansi!tes for compact tension specimens were calculated using the
relation:
KI = PAW 1/2 F1 (a/w)
where
	 KI = Plane Strain Stress intensity
P = Load
t = Thickness of Specimen
w = Width of specimen
F 1 (a/w) = Geometry factor from Ref. 15 (see Fig.A-3 ).
i
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0A2.2.2	 Three Point Loaded Single Edge Notch Bend Specimens
Stress intensities for 3 point loaded single edge notched bend specimens were
calculated using the relation
ICI = PL/tw3/2 F2 (a/w)
where
K) = Plane Strain Stress Intensity
P = Load
L = Span between load points at aach end of the specimen
t = Thickness of specimen
w = Width of specimen
F2 (a/w)	 = Geometry factor from Ref. 15 (see Fig. A-3 )
A2.2.3	 Single Edge Notched Tension Specimens
Stress intensities for SENT specimens were calculated using an experimental
compliance calibration described in Ref. 30 . The compliance calibration is
performed by loading a specimen with varying crack lengths and measuring
compliance. The rate of change of compliance with respect to crack length is
then incorporated into a relation proposed by Irwin (Ref. 31 ). The resulting
equation is of the form:	 1/2
K I = P/F E/(1- µ 2) • dC/da
where
Ki	 = Plane strain stress intensity
P	 = Load
E	 = Young's modulus
µ = Poisson's ratio
C = compliance
a	 = crack length
A2.2.4	 Tapered Double Cantilever Beam Specimens
Stress intensities for tapered double cantilever beam (TDCB) specimens were
calculated using the following equation from Ref. 5
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1/2
K I = P/ it 	
E/(1- 112) - dC/da
where
	
•	 KI = Plane strain stress intensity
P = Load
	
li	 t	 =
9	
Thickness at the groove (specimens were side grooved)
E = Young's modulus
µ = Poisson's ratio
C = Compliance
a = Crack length
This equation is derived from Irwin's analysis (Ref. 31 ). For the specimens
reported herein, the design of the taper was such that the quantity dC/da
was a constant. Thus the stress intensity becomes a function of variation in
load only.
A2.2.5
	
Plane Stress Through-the-Thickness Center Notched Specimens
Stress Intensity factors for through-the-thickness center notched specimens were
calculated using the "secant formula" proposed by Fedderson in Ref. 32 . It
Is as follows:
K = a
	
irc sec ( irc/w )
	 s
where
K = Plane stress stress intensity
CF = gross stress
c = half crack length
w = panel width
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A3.0	 DISCUSSION
AM	 FRACTURE DATA
AM .1	 Through-the-Thickness Plane Strain Fracture Toughness, K lc , Data
The available valid through-the-thickness plane strain fracture toughness data were
	
;I
limited in quantity. Some data were found in Ref. 15 for compact tension (CT)
and three point loaded bend (SENB) specimens. They are reported in Tables Al
and A2. These specimens were tested in room temperature air, liquid nitrogen at
-3200 F and liquid hydrogen at -4230F. The propagation direction was WT. The
fracture toughness values of the CT specimens were somewhat below those reported
for the SENB specimens. Except in the case of SENB specimens tested at -4230F,
the CT and SENB specimens exhibited lower toughness than the surface flawed (SF)
specimens covered in the main body of the report. These phenomena were
demonstrated earlier by Hall and Finger in Ref. 15.
Single edge notch tension specimens tested at room temperature were found in Ref. 9
for the RW and WR propagation direction. They are reported in Table A -3. No
other plane strain data from other specimens with these propgation directions are
available for comparison. However, the values reported appear to be somewhat
lower than data from SENB tests in the WT direction and surface flaw tests in the
WT and RT directions.
A3.1.2	 Through-the-Thickness Plane Stress Fracture Toughness, K c , Data
Plane stress fracture data from through-the-thickness center notched panels were found
in Refs. 8, 10, 33 and 34. Test temperatures were room temperature, -320OF and
-423
0
F, and propagation .directions were WR and RW. The data are reported in
Tables A-4, A-5 and A-6. In addition, endpoint critical stress intensities of cyclic
tests can be found in Tables A-7, A-8 and A -9. The fracture toughness data are
summarized as a function of thickness in Figs. A -4, A -5 and A-6. Because of
disparities in the methods of crack initiation, and the wide scattering of the data,
no attempt is made at analysis. The data are presented herein only to show what
is available in the literature.
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A3.2	 SUSTAINED LOAD AND FATIGUE DATA
A3.2.1	 Through-the-Thickness Plane Strain Sustained Load and Fatigue
Crack Growth Data
No plane strain sustained load data were found; however, some cyclic growth data
for tapered double cantilever bend specimens were found in Ref. 5 . These
specimens were cycled in room temperature 31% salt water solution. Propagation
direction was WR. The data are reported in TableA-40ard cyclic crack growth
rates are shown in Fig. A-7. No other data ore available for comparison.
A3.2.2	 Through-the-Thickness Plane Stress Sustained Load and
Fatigue Crack Growth Data
No Mane stress sustained load data were found; however, some cyclic growth
data for through-the-thickness center notched panels were found in Ref. 8 .
These specimens were cycled in room temperature air, liquid nitrogen at -320oF
and liquid hydrogen at -4230F. Test results are tabulwed in Tables A-7, A-8 and
A-9 . The data were not available in a form readily usable, because instantaneous
growth rates were not available. However, average stress intensities and average
growth rates were calculated and these values are shown graphically in Fig. A-8.
The data were not suitable for a detailed analysis.
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APPENDIX B - REPORTS CONTAINING INVALID
OR OTHERWISE UNUSABLE DATA
During the course of this study, many reports were found containing data which
could not be usea in this analysis for various reasons. In order to provide a
single listing for easy reference in future studies, the reports containing this data
are described below.
Additional base metal tensile data were found in Refs. 35 through 50. Data from
these references were not included because the data were typical or average values,
or they were meant for special applications. Of these references, 41, 49 and 50 were
of particu lar interest. Ref. 41 was a survey of tensile values for material ranging
in thickness from 0.040 inch to 5.00 inches; including tensile values from various
locations in thick plate. Ref. 49 provided typical values for several different
alloys. Ref. 50 reported the effect of magnetic forming on tensile values.
Additional weld metal tensile data were found in Refs. 39, 51 and 52. Data from
Refs. 39 and 51 were typical values, while Ref. 52 provided a study of weldment
properties at different weldment locations (weld centeriine, fusion line, heat
affectec' zone).
Additional fracture data were found in Refs. 2 1 11, 16, 17, 26, 34, 36, 38, 46,
52, 53 and 54. Ref. 36 contained only typical values of fracture toughness.
Invalid K lc values for notched bend, single edge notched tension, and round
notched bars were found in Refs. 11, 46, and 34 respectively. Ref. 17 contained
data from charpy and J .n tear specim^ ns. Invalid weldment fracture tests
conducted on single edge notched bend, single edge notched tension, tend double
cantilever beam specimens were found in Ref. 52. Ref. 26 contained a plot of
fatigue crack growth rate data for compact tension specimens; however, these were
unpublished data from the Space Division of North American Rockwell, and the
tabular values were not available to this author. Through-the-thickness center
notched tests for which o N/ Q > 0.8 wz, _ found in Ref. 54.
Y
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Invalid surface flawed data were found in Ref. 53 . In addition, Refs. 2 and 53
both contained tests investigating the effect of proof overloading on subsequent
testing. Testing in Ref. 16 was just commencing at the time of publication of
this report; therefore, only tensile data were available from this reference.
Testing to be conducted in Ref. 16 will include cyclic tests with and without
prior proof overloading. Ref. 38 contains useful data for surface flaws emanating
	 at
from holes.
Most of the references cited in the main body of this report contained some
invalid fracture data in addition to the vaiid data that was reported.
28
APPENDIX C
CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS
Due to the complexity of the data presented in this report, only U.S. customary
units are used. Conversion factors for converting U.S. customary to SI units are
given in the following table:
A
To Convert From
(U.S. Customary Unit)
in.
Ibf
kip
ksi
ksi 4 in
Multiply
by
2.54 x 10-2
4.448
4.448
6.895
1.099
To Obtain
(SI Units)
meter (m)
newton (n)
kilonewton (kN)
meganewton/meter2 (0,I•J/m2)
M N/m3/2
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Table 1 :Ultimate and 'Yield Strength Summary 2219-T87 Aluminum Alloy Longitudinal Grain
TEMPERATURE
PROPERTY
-4230F -320°F RT
Mean Ftu ( Ksi ) 99.3 83.8 68.7
99% P, 95% C Ftu ( Ksi) 90.5 77.9 64.3
Mean FtY ( Ksi) 72.2 65.9 56.7
99% P, 95% C Ftv ( Ksi) 65.8 59.4 51.4
Table 2 :Ultimate and Yield Strength Summary 2219-T87 Aluminum Alloy Long Transverse Grain
TEMPERATURE
PROPERTY
-4230F -320°F RT
Mean Ftu ( Ksi) 100.4 84.8 69.0
99% P, 95% C Ftu ( Ksi) 94.1 78.7 64.6
Mean FtY ( Ksi) 71.8 65.9 56.2
99% P, 95% C F tY	 ( Ksi) 64.7 59.8 50.7
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Table 3 :Ultimate and Yield Strength Summary, GTA Welded 2219-T87 Aluminum Alloy,
No Post Weld Heat Treatment
PROPERTY
TEMPERATURE
-4230F
-320OF RT
Mean F tu ( Ksi) 62.9 54.4 41.8
99% P, 95% C F tu ( Ksi) 50.6 45.6 34,1
Mean F ty ( Ksi) 30.2 0^> 28.6 24.6
99% P, 95% C F ty ( Ksi ) ^> © d
LL.^> "Apparent" Mean Values Reported, Not Enough Data Points To
Firmly Establish Mean Fty
Not Enough Data Points Were Found for an Accurate Determination
i.i
Table 4 :Ultimate Strength Summary, GMA Welded 2219-T87Aluminum Alloy,
No Post Mid Heat Treatment
PROPERTY
TEMPERATURE
-4230F -320OF RT
Mean F tu ( Ksi) 62.7 56.0 42.9
99" 0, 95% C F tu ( Ksi) 45.8 42.3 34.7
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Tsble 5 : Aftm Values of fracture Touphnesr, K /E, 2219-787 Aluminum Alloy(From Surface flawed Specimen 78;;
TEMPERATURE
PROPAGATION DIRECTION
-4230F	 -320°F	 RT
RT 52.3 Ksi	 In 48.6 Ksi	 In 46.2 Ksi	 In
^>
WT 47.0 Ksifn 47.0 KsiIn 41.3 Ksi	 In
"Apparent' Mean Values Reported, Not Enough Data Points To
Firmly Establish Mean KIE
Table 6 : ANen Values of Frecture Toughness, KIE, GTA Welded 2219-T87Aluminum ,411oy(From Surface Flawed Specimen Testr)
TEMPERATURE
-4230F -320°F RT
23.9 Ksi V1 In 28.1	 Ksi	 In NA
"Apyaront' Mean Values Reported, Not Enough
Data Points To Firmly Establish Mean KIE
0
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